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Abstract
Cracks and fractures occur during the assembly process to a type of torsional springs used in the aviation mechanism. Besides 
visual examination, other experimental techniques used for the investigation are: 1) fracture characteristics, damage morphology
and fractography by scanning electron microscopy (SEM), 2) spectrum analysis of covering, 3) metallographic observation of 
cracks and 4) hydrogen content testing. The results are obtained through the analysis of manufacture process and experimental 
data. Since no changes of microstructure are found, failures are irrelevant to the material. The cracks and fractures initiate on the 
inner surface, cracks initiate before the cadmium plating and after the winding. No obvious stress corrosion cracks are found near
the crack source region. The opening direction of cracks is consistent with the residual tensile stress of the spring inner surface,
and the springs are easy to contact hydrogen media between the spring winding and the cadmium plating. The cracks are caused 
by hydrogen-induced delayed cracking under the action of the residual tensile stress and hydrogen. 
Keywords: springs; failure; residual stress; hydrogen-induced delayed cracking 
1. Introduction1
The failures of structures and components are due to 
environment assisted cracking. Stress corrosion crack-
ing and fatigue corrosion followed by the hydrogen 
embrittlement are the mechanisms that usually ap-
pear [1-2]. In some cases, the working environment 
plays an important role but the number of this type of 
failures is much smaller. In this category, molten metal 
and solid metal embrittlement are considered. An ex-
ample for the first case is that the presence of liquid 
copper leads to the steel embrittlement. This mecha-
nism is especially dangerous because failure occurs 
instantaneously and, therefore, with catastrophic con-
sequences [3].
The number of failures attributed to environment 
assisted cracking varies with the industry, being more 
frequent in chemical and nuclear sectors. The habitual 
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root cause of this type of material is an incorrect selec-
tion of the material, which is thought to be immune to 
the working environment on the basis of accelerated 
laboratory tests, but actually turns out to be attacked in 
service or heat treatment, poor design and “unfore-
seen” hard environmental conditions. The term “un-
foreseen” includes 1) not considering the full range of 
operating conditions, such as start-up and shown-down 
operations, when usually higher stresses are applied, or 
forgetting residual stresses and 2) breakdown (or defi-
cient application) of protective coatings or their in-
adequate maintenance, yielding them inefficient, as the 
base material is directly exposed to the corrosive en-
vironment [4].
Hydrogen embrittlement of metals is an old phe-
nomenon, frequently found in components but on 
many occasions, not fully understood. It is induced due 
to the subcritical growth of a crack that promotes fail-
ures, and time after the damage is introduced in the 
material (failure mechanism known as delayed crack-
ing) in components not subject to external loads. Sev-
eral subjects are still unresolved, starting from the ba-
sic definition of the phenomenon to the control of the Open access under CC BY-NC-ND license.
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effects and failure prevention [5-6].
In the present studies, fracture characteristics of a 
type of torsional springs are obtained by the observa-
tions and analyses of the damage morphology. Com-
bining with the analyses of the hydrogen content, cov-
ering components, processing and stresses, the reasons 
why the springs fracture are concluded. 
2. Experimental Procedure and Results 
There were two batches of eleven springs, among 
which four fractured in the assembly process, and one 
had cracks. Fig. 1 shows fracture and crack appearance 
of one spring. The spring material is cold drawing car-
bon spring steel wire, material grade of which is Ċ a. 
The specifications are: wire diameter 0.6 mm, pitch 
diameter 0.4 mm, six effective coils, rotation angle 
25q. The processing of the spring is as follows: lock-
smith winding o setting tempering o correction o
distressing tempering o anode electrolytic degreasing 
o weak corrosion o cadmium plating o
dehydrogenation o passivation o blow drying [7-8].
Fig. 1  Appearance of spring fracture and cracks.
2.1. Observation of crack morphology 
Observation of the springs is conducted by video 
microscopy and scanning electron microscopy (SEM). 
It can be seen in Fig. 2 that cracks exist in many places 
of the spring inner surface, while no cracks are found 
on the outer and side surface (see Fig. 3). The circum-  
Fig. 2  Cracks on spring inner surface.
Fig. 3  Appearance of spring outer surface. 
ferential length range of most cracks is 1/3-1/2 circle. 
However, cadmium plating of the crack-free springs 
are comparatively uniform in inner and outer surfaces. 
Morphology of Crack ĉ in Fig. 2 can be seen in 
Fig. 4. The crack is quite straight, and opens wide on 
the inner surface, propagating to both sides. The cad-
mium coating spalling can be seen in both sides of the 
crack, which is different from other areas. It is charac-
teried by the typical cleavage fracture [9-11] (see Fig. 5). 
Fig. 4  Morphology of Crackĉin Fig. 2.
Fig. 5  Cleavage fracture morphology. 
2.2. Fracture observation 
The fractures occurring in the assembly are basically 
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consistent with those opened artificially along the 
circumferential cracks. The fracture consists of two 
regions, Region ĉ is even fracture, near the spring 
inner surface, while Region Ċ is quite rough and has 
large height difference, called slanted fracture (see 
Fig. 6 and Fig. 7). The even fracture, which is flat and 
has small height difference, is perpendicular to the 
axial direction of the spring. 
Region ĉ of the fractures accounts for about 30% 
of the spring cross section. Morphology such as fine 
dimple and cracking along deformation and elongated 
tissue can be seen in Region Ċ  (see Fig. 8 and 
Fig. 9) [9,11-12].
Fig. 6  Fracture occurring in spring assembly. 
Fig. 7  Fracture open along circumferential crack. 
Fig. 8  Fine dimple in Region Ċ.
Fig. 9  Cracking along deformation and elongated tissue in 
RegionĊ.
As can be seen in Fig. 10, there is a covering after 
amplifying the even fracture. The covering becomes 
more as being closer to the cadmium coating on the 
spring surface. And the cracking morphology feature 
cannot be seen on the surface (see Fig. 11). The cov-
ering decreases far away from the spring surface, and 
it shows quasi-cleavage cracking morphology and in-
distinct radiation ridge (see Fig. 12). 
The energy spectroscopic analysis is conducted to 
the covering in Regions ĉ-ċ in the even fracture 
(see Fig. 10). The results seen in Table 1 show that the 
covering is cadmium. 
Fig. 10  Covering in the even fracture. 
Fig. 11  Fracture near cadmium coating. 
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Fig. 12  Morphology of even fracture near slanted fracture. 
Table 1  Results of energy spectroscopic analysis in Re-
gionsĉ-ċ in Fig. 10 
wt %   
Content 
Region 
Si Cd Cr Mn Fe O 
ĉ 0.17 61.89 0.22 0.44 37.28  
Ċ 0.25  6.76 0.17 0.50 92.31  
ċ   1.26   95.58 3.16
Fig. 13 and Fig. 14 are secondary electron and back-
scattered electron images of cadmium distributing in 
the even fracture. The energy spectroscopic analysis to 
the slanted fracture indicates that there is no cadmium 
in the slanted fracture. 
Fig. 13  Secondary electron image in even fracture. 
Fig. 14  Backscattered electron image in even fracture. 
According to morphology of the even feature and 
the crack gap on the spring inner surface, fractures and 
cracks initiated from the spring inner surface, and 
propagated along radial direction to the outer surface. 
The cadmium coating thickness on the spring surface 
is uniform. The cadmium coating cracking is charac-
terized by typical cleavage, which is consistent with 
the cleavage spalling of the cadmium coating on both 
sides of the cracks. 
2.3. Metallographic observation of cracks 
Selecting a metallographic specimen from the spring, 
two radial cracks can be seen at about 1/4 of the spring 
coil. The cracks propagate perpendicularly to the 
spring inner surface, which are quite straight only 
having some kinks in the end, and the cracks match 
well. (see Fig. 15). The white area in Fig. 15 is cad-
mium and there is a layer of cadmium in the crack ini-
tiation area. The thickness of cadmium is about 
0.5 μm, and the depth along the crack propagation 
direction is more than 10 μm, which is equivalent to 
the location of Regionĉin Fig. 10. 
Fig. 15  Crack fractography of spring. 
2.4. Hydrogen content testing 
Having determined the hydrogen content of all the 
eleven springs from the fracture batch, the results are 
shown in Table 2, which demonstrates that hydrogen 
content is between (2-3)u106. Selecting eleven 
springs randomly from the other two batches, the hy-
drogen contents are all about 1u106.
Table 2  Determination results of hydrogen content in 
different batches of springs 
Batch Hydrogen content/106
Fracture batch 2.24 
Batch 1 0.98 
Batch 2 0.94 
Ordinary hydrogen will not produce hydrogen-in- 
duced cracking until its content in steel is above 
(5-10)u106. But for high-strength spring steel, the 
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hydrogen content in steel is less than 1u106, and hy-
drogen atoms in the lattice will focus on the stress con-
centration area produced by gap through extending, 
which entices crack initiation [9,13].
3. Analysis and Discussion 
3.1. Analysis of crack formation time 
Fractures and cracks which initiate from the spring 
inner surface occur during the spring assembly. There 
are no cracks on outer surface of the spring, but many 
cracks on the inner surface. Assume the cracks exist 
before the spring winding, then the spring have to bear 
large deformation stress and would rupture during the 
winding, and it is impossible that cracks only exist on 
the inner surface. Therefore, it can be concluded that 
the cracks occur after the winding. 
In the even fracture near the inner surface, there is a 
cadmium layer whose thickness is about 0.5 μm, and 
the cracks depth more than 10 μm in the crack propa-
gating direction. If the cracks form after cadmium 
plating, cadmium would spread along the deformation 
tissue interface in a certain degree [7]. What is more 
important is that deficiency of cadmium would be 
found at local area of the cadmium coating near the 
source region. However, the cadmium coating thick-
ness and fracture morphology of all the springs are 
consistent with each other, and the fractures are char-
acterized by cleavage morphology. There is no obvious 
abnormality on the cadmium coating near the crack 
source region. Besides, if the cracks form after the 
cadmium plating, there would not be a cadmium layer 
whose thickness is 0.5 μm, and the depth more than 
10 μm. So the cracks exist before the cadmium plating. 
In the cadmium plating, the gap of the crack would be 
about 0.5 μm, and the depth would be more than 
10 μm, then the cadmium coating could form near the 
crack source region. 
3.2. Analysis of crack characteristic and reasons 
The cracks initiate before the cadmium plating and 
after the winding, during which the spring does not 
bear external force except the residual stress from the 
winding process. In the winding process, the spring 
outer surface bears tensile stress, while the inner sur-
face bears compressive stress. After the winding, the 
outer surface bears compressive stress, and the inner 
surface bears tensile stress [7]. The cracks initiate on 
the inner surface, and the opening direction is consis-
tent with the residual tensile stress of the spring, so 
there is a relationship between the spring cracking and 
the residual stress. But in the winding process, the 
spring bears comparatively large deformation stress, 
and the deformation time is short, which easily causes 
the concentration of stress and strain. Compared with 
the deformation stress in winding process, the residual 
stress is small and affects the spring in a slow way, so 
it is hard to cause the concentration of stress and strain 
in local area. Therefore, it is not very possible that the 
cracks initiate solely for residual stress [13-15].
Results of metallographic observation show that the 
material is normal. Furthermore, if it is caused by the 
material, on the one hand the cracks would occur more 
easily, on the other hand the probability of cracks’ ap-
pearance would be approximately the same on the in-
ner and outer surface. Actually, no cracks are found on 
the outer surface. Therefore, the spring cracking would 
not have a relationship with the material. 
There are some procedures such as the pickling and 
the oil removal before the cadmium plating after the 
winding [7]. Besides, the storage is in non-vacuum con-
dition. During the pickling process, if the technique is 
improperly controlled, or there are some corrosion 
media in the storage environment, stress corrosion 
cracking would occur on the spring inner surface. 
There is a cadmium coating near crack source region, 
so it could not be observed if there are corrosion 
products. If it is caused by corrosion, the stress corro-
sion cracks could be seen near source region [7]. How-
ever, according to the crack metallograph, there are no 
obvious stress corrosion cracks near the crack source 
region. Therefore the cracks are not very possibly 
caused by stress etching.   
In the pickling process, if the technique is improp-
erly controlled or the spring contacted the corrosion 
medium which contains hydrogen in the storage envi-
ronment, hydrogen atoms could enter the spring mate-
rial. Hydrogen atoms in metal materials would propa-
gate to the high tensile stress region. For the spring, 
the hydrogen atoms would aggregate near the inner 
surface because the inner surface bore tensile stress. In 
addition, sensitivity to hydrogen of the metal material 
is increased with intensity enhancement. In the cold 
drawing, temperature of the spring outside surface 
rises because of violent friction with the cold draw-
plate, and the corrosion-resistant layer forms after the 
quenching behind the drawing [8]. There is a corro-
sion-resistant layer on the spring surface, the intensity 
of which is higher than the matrix, while the plasticity 
is lower and the sensitivity to hydrogen is higher. Then 
under the action of the residual tensile stress, hydrogen 
aggregates near the spring inner surface. And because 
of the higher hydrogen embrittlement susceptibility of 
corrosion-resistant layer on the spring surface, hydro-
gen-induced delayed cracking occurs [5,13,16-18].
4. Conclusions 
The spring cracks initiate before the cadmium plat-
ing and after the spring winding. The spring cracks 
have no relationships with the material. Because of the 
residual tensile stress on the spring inner surface and 
the hydrogen media that the springs contact in the 
storage environment, the spring fractures and cracks 
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occur, which are characterized by the hydrogen-in- 
duced delayed cracking. 
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